Abstract: Population data are generally provided by state census organisations at the predefi ned census enumeration units. However, these datasets very are often required at userdefi ned spatial units that differ from the census output levels. A number of population estimation techniques have been developed to address these problems. This article is one of those attempts aimed at improving county level population estimates by using spatial disaggregation models with support of buildings characteristic, derived from national topographic database, and average area of a fl at. The experimental gridded population surface was created for Opatów county, sparsely populated rural region located in Central Poland. The method relies on geolocation of population counts in buildings, taking into account the building volume and structural building type and then aggregation the people total in 1 km quadrilateral grid. The overall quality of population distribution surface expressed by the mean of RMSE equals 9 persons, and the MAE equals 0.01. We also discovered that nearly 20% of total county area is unpopulated and 80% of people lived on 33% of the county territory.
Introduction
Research on modeling spatial distribution of population dates back to the early twentieth century. Tian-Shansky, Russian cartographer who elaborated the dasymetric population density map of European Russia, is considered as the precursor in this fi eld (Bielecka, 2005) . However, Wright (1936) was the fi rst who set forth this new method of portrayal population density based upon the division of a given administrative unit into smaller areas complying with different types of geographical environment. Wright derived population density values subjectively, the subjectivity is yet considered as the main disadvantage of the method. Recent advances in GIS and remote sensing, as well as increased availability of digital datasets both vector and raster, have revitalized the idea of mapping population density in units that correspond well with real population distribution. Based on the literature classifi ed the methods into two main categories: areal interpolation and statistical modelling (as cited in Murshed, 2009) . Areal interpolation utilizes census data as input and apply different disaggregation techniques, with ancillary or without ancillary information, to obtain more robust population (Mennis, 2003; . The additional data usually produces more accurate results than those without auxiliary information, assuming that ancillary information refl ects the spatial distribution of the variables being mapped. The more often land cover/land use data derived from satellite imageries (Eicher and Brewer, 2001; Mennis, 2003; Ciołkosz and Bielecka, 2005; Gallego, 2010; Azar et al., 2013; Langford, 2013) , topographic data (Su et. Al., 2010; Wu et al., 2008) , street network (Zandbergen and Ignizio, 2010) or even cadastral data (Maantay et al., 2007) are used as ancillary information. However, recently buildings extracted from LIDAR data (Sridharan and Qiu, 2013) or imperviousness layer Azar et al., 2010; Wu and Murray, 2005) are the source of additional information for the purposes of dasymetric population modelling. Mennis and Hultgren (2006) introduced the "intelligent" dasymetric mapping (IDM) technique that supports a variety of methods for characterizing the relationship between the ancillary data and underlying statistical population surface. The advantage of IDM method is it returns a set of statistics that summarize the quality of the resulting dasymetric map.
Statistical modelling infers relations between population and other variables (e.g. land use/land cover, dwellings, urban zones, image pixel characteristics) to estimate population of any given unit. These methods could also be used for prediction population distribution in a given time. Stevens at el. (2015) outline that the combination of widely avaialble remotely and geospatial data to contributed the modelled dasymetric weights and the use of statistical model Random Forest can predict population density at approximately 100 m spatial resolution. This was also confi rmed by Anderson et al. (2014) .
Moreover, each of these methods could preserve population totals in a census enumeration units, which is called after Tobler et al. (1995) pycnophylactic. Table 1 gives an overview of methods of disaggregation of population data described in the literature. Source: modyfi ed after Murshed (2009) Lately, spatio-temporal population modelling techniques have been introduced. They can distinguish population during day and night or even hourly population distribution using mobile phone footprints (Deville et al., 2014) , Call Detail Records (CDRs) and Person Trip Survey (PTS) data from users of mobile devices (Horanont and Shibasaki, 2010; Horanont et al., 2015) . This paper demonstrates the use of information about buildings location and their characteristic derived from Topographic Object Database, the nationwide topographic database at the scale 1:10,000, to elaborate gridded population surface for the rural areas. The novelty of this approach lays in use of information about number of storey of the building, building footprints and average area of a fl at, given by Central Statistical Offi ce (hereafter referred as CSO, in Polish: GUS), as independent variables for estimating the population count in residential buildings. The experimental population surface was created for Opatowski county, sparsely populated, rural region, located in the central part of Poland. The paper is structured as follows: the next section (section 2) describes the main methodological assumptions. Section 3 gives the overview of data used and character of the study area. Results and discussion are provided in section 4, and fi nal remark -in section 5.
Adopted methodology
We assume that population and population density are based on functional defi nition of population, thus means on place of residence, referred also as night time population. Moreover, the elaborated approach tends to preserve the total volume of population at the commune level, the lowest level of administration units in Poland (corresponds to the EUROSTAT NUTS5) as well as, the smallest enumeration area for which statistical population data are commonly available. The method relies on geolocation of population count in buildings, taking into account the building volume and structural building type and then aggregation the people totals in 1 km quadrilateral grid cells. The correctness of people estimation is verifi ed at the commune level by summing population attributed to grid cells that overlap the area of commune.
As the approach lay on population distribution on buildings level the main research problem comes down to estimate population count for a multi apartment (and multistorey) residential building Pop(b) based on equation (1):
(1) where: n(s) -number of storey in a residential building, A(b) -area of footprint of a building, Av(f) -the average area of fl at, given by the Central Statistical Offi ce p(f) i -average number of people in one fl at in a i commune.
Hence, the number of people in a 1km rectangular grid cell Pop(g) is calculated as:
where: j -the number of buildings which centroids are completely within the grid cell.
And the estimated population totals in a commune Pop(c) is computed according to the formula:
where: m -number of buildings in a commune, Pop(b) -population count for a multi-apartment residential building.
The coeffi cient p(f) is constant within a communes and could differ between communes. Its values are adjusted during an iterative computation of population totals in a commune. The process stops when the difference between estimated population counts and the number of people given for Opatów county by CSO is less than 1 person and for every commune does not exceed 0.2% of population totals. For verifi cation of a number of fl ats in the residential buildings StreetView photos from Google Maps were used.
The research has been conducted according to the three-stage work fl ow: Stage I -people estimation at the building level.
(1) Selection residential buildings using 'select by attribute' query.
(2) Computing number of people in a building using equation ( Results of modeling, the raster population surface, is visualized by the means of choropleth map, with regular 1 km quadrilateral grid in the Lambert Azimutal EaqualArea projection coordinate reference system. The spatial resolution and the coordinate reference system were adjusted to the requirement of INSPIRE Directive (INSPIRE, 2010) . For visualization purpose population total in grid cells were grouped into 6 classes natural breaks method according to rules made by Medyńska-Gulij (2014) and de Smith et al. (2015) .
Study area and data used

Study area characteristic
Opatów, the rural, sparsely populated county, is located in the central part of Poland, in the Świętokrzyskie voivodship (Figure 1 ). The census data are provided for 8 communes, out of which 6 are the rural and 2 urban-rural (including small cities: Opatów and Ożarów). The commune type (rural or urban-rural) has indisputable impact on the character of built-up areas. In rural areas, single-family housing prevails, while in cities are mostly multi-storey, multi-family buildings. The centres of Opatów and Ożarów are made of a mixture of urban fabric of varied density and height, commercial, communication and public areas as well as green urban areas. Opatów County is one of the least populated counties in the voivodship. For several years the population in the county has been steadily decreasing, in 2014 was 54,248 and was by 3.2% lower than in 2013, a similar decline was recorded in the years 2012-2013. This is due to negative natural growth and negative migration balance. According to the 2014 offi cial statistical data (GUS, 2015) the population density of Opatów county is 60 people per square kilometer, this is 48 people lower than average population of the voivodship, and more than twice time than national average (123 person per sq. km).
Characteristic of population distribution in the study area does not vary considerably, the dense populated is the city of Opatów (711 person per sq. kilometer) and city of Ożarów (601 person per sq. km), the lowest population is observed in Tarłów (33 person per square kilometer). This is illustrated in Figure 1 (see also 
Data used
Population totals aggregated to the communes, county and voivodships are delivered by the CSO in the form of reports, xls tables, graphs and maps. The population is a population balance as of 31 st December 2014 made on the basis of Population and Housing Census 2011 then recalculated according to the territorial division of the country as of 1 st January 2015 (GUS, 2015b) .
Information on buildings' location, number of storey, as well as the type of the building are derived from Topographic Objects Data Base (referred thereafter as BDOT10k), the national topographic data cover the whole country, at the level of details corresponds to civilian topographic maps 1:10,000. Each building, represented geometrically by polygon, is characterised by several thematic attributes and locational accuracy expressed by RMSE equals 1.3 m (Bielecka 2015) . The BDOT10k data are integrated with administrative units boundaries, at the commune level, originally available from National Border Register. Based on several previous research (Bielecka et al., 2014; Bielecka, 2015) we assume that it is a reliable data source for creating population distribution surface. For Opatowski county the BDOT10k data are up-todate to the year 2013. Therefore, the temporal validity of population distribution is the January 2013. Consequently, population totals from national census and administrative units boundaries were taken for the year 2013.
The study exploits only residential buildings, for which the values of 'kod' attribute are equals: BUBD01 (single family building), BUBD02 (two-families building), and BUBD03 (multi-apartment building with 3 and more fl ats). The detail description of the application schema of topographic objects, including data on buildings, can be found in Regulation of Ministry of Internal Affairs and Administration (Regulation, 2011) and textbook edited by Olszewski and Gotlib (2013) .
Results and discussion
Population estimation
The total number of residential buildings in the study area equals 16,592, out of which 222 are multi-apartments (multi-family) and 16,370 are single-family. With 75% of multi-family buildings located in two cities Opatów and Ożarow (Table 1, Figure 2 ). CSO (GUS, 2015b) The number of people in each building was estimated using equation (1), starting with the value of average number of people in one fl at p(f) equals for any commune and takes value 2.90. (GUS,2015a) The average area of a fl at in the analysed region (Świętokrzystkie voivodship) Av(f) is 74.00 m 2 . The results after the fi rst iteration was unsatisfactory, the population total in Opatów county was overestimates approximately of 3.5%, and any correlation with the type of commune has been observed. Population counts were overestimated in 2 urban-rural communes as well as in 3 rural communes. For the remaining 3 rural communes the number of people was underestimated, from 2.3% to 10.7%. The highest overestimation (25.3%) was denoted in Tarlow and the lowest (2.3) in Sadowie.
The adjusting p(f) coeffi cient was done iteratively with the step 0.01. The number of iteration varies from 7 for Sadowie to 59 for Tarłów. The fi nal results of population estimation in a commune based on number of fl ats and average number of people living in 1 fl at are presented in Table 2 .
The root mean square error (RMSE) and the mean absolute error (MAE), which are well known accuracy measure in the fi eld of estimation (Bielecka and Bober, 2014; Langford, 2013 ) equals 9 and 0.01 respectively. Moreover, the coeffi cient of determination R 2 = 0.96 means that population totals in communes are in 96% explained by the number of fl ats. CSO (GUS, 2015b) 
Population redistribution and visualisation
The population totals in grid cells are presented in the form of choropleth map, using 6 groups and natural breaks method, excluding unpopulated area (Fig. 3) . The natural breaks method is a kind of classifi cation scheme that minimize within-class variance and maximize between-class differences. One drawback of this approach is that it is a data-specifi c classifi cations and not useful for comparing multiple maps built from different underlying information. This classifi cation is based on the Jenks Natural Breaks algorithm (see Univariate classifi cation schemes in Geospatial Analysis-A Comprehensive Guide, 3rd edition; 2016; de Smith, Longley, Goodchild) . This allows to portrayal areas totally unpopulated, which comprises nearly 20% (175.8 sq. km) of analysed territory. They are mainly located in the north-east part of the Opatów county, within two communes: Tarłów where dominate forest (69.8%) and Ożarów with industry and intensive agriculture. The most densely populated areas are located in the centre of cities Opatów (3802 in 1 sq. km) and Ożarów (2667 in 1 sq. km). More than 80% of total population is concentrated on the area comprising 33% of the county territory. So the allocation of people distribution is closed to the Pareto principle states that, for many events, roughly 80% of the effects come from 20% of the causes (Hazewinkel, 2001 ).
Discussion
The crucial impact on the quality of population redistribution, especially in a fi ne scale, have ancillary data sources. This issue is still open, however, many fi ndings concerning data quality are commonly available in the literature. Data that are derived by National Mapping Agencies or other governmental institutions are generally more reliable than those from VGI. However, they are generally available for a payment. On the other hand VGI data are of different quality and completeness. Researches that employ VGI data, mainly OSM, for population distribution clearly claim the semantic inadequacy and completeness of information on buildings (Siva et al., 2013; Bakillah et al., 2014) . The completeness of buildings in OSM data for Poland approximates to 20% (Marczak, 2015) , and is higher in urban area than rural. Semantic correspondence of building characteristic in BDOT10k, Polish national topographic data, and the OSM data reaches 70% (Nowak Da Costa, 2016a; 2016b) . Therefore, the OSM is valuable data source be used to model the distribution of population in urban areas, particularly large cities.
We used offi cial data, that are accurate and credible but for some areas are not upto-date. Regulation of Ministry of Internal Affairs and Administration of BDOT10k (Regulation, 2011) says that data should be updated on a regular basis, but in practice for the study area data about buildings were dated to the end of 2012. An alternative, updated on a regular basis, data source is Lands and Buildings Register, but for the analyzed area these information is available only in analog form. Unfortunately, it was not possible to verify the number of fl ats which has been estimated. Nonetheless, the number of fl ats in Opatów County is available from national census (carried out in 2011) its value (16,061) is lower than number of residential buildings (16, 592) in National Topographic Database (BDOT10k). This big divergence in numbers of fl ats could not be explained by number of buildings (or fl ats) completed in 2012-2014.
Analysis of population distribution at the building level is the subject of many studies (Bakillah et.al, 2014; Sridharan and Qiu, 2013; Wu et al., 2008) . Disadvantages of this type of research are time-consuming and high cost of obtaining information about the buildings, in particular building structural type, volume and height. We overcame mention above drawbacks, but the weak point of the elaborated method is to calculate the number of fl ats in a multi-apartment building based on the average size of the fl at in the voivodship, given by the CSO. The preliminary analysis of real estate market in Opatów county shows that this fi gure is far too high and should not exceed 66 m 2 . In further studies, the average size of the fl at could be determined based on the analysis of local real estate markets at the commune level. This certainly contributes signifi cantly to increase the accuracy of estimation the population totals in buildings.
Still, insuffi ciently explored issue is the variable accuracy of estimation of population distribution within a single set. This simply means that the accuracy of the assignment of the population counts to a reference units should differ signifi cantly. To investigate the accuracy at the level of mapping unit reliable data on the number of people living (or staying) in the buildings are required. For coarse scale the national gridded population could be used, for fi ne scale the appropriate data could be derived from mobile phones.
Conclusions
The elaborated approach is spatial disaggregation. It is based on the assumption that population totals, aggregated to a commune (handled as the global parameter), can be redistributed within the commune by means of local parameters, namely building characteristics. Other words it is a multi-variable dasymetric modeling, where building type (e.g.: multi-residential, single fl at, detached) is treated as limiting variable, and building volume, expressed by number of storey as well as area of building footprint -as connection variable. The overall quality of elaborated gridded population distribution surface at the scale 1 km 2 expressed by the mean of RMSE equals 9 persons, and the MAE equals 0.01.
The appropriateness and quality of the ancillary data used infl uence the accuracy and level of detail of population distribution techniques and algorithms. One of the advantages with the approach put forward in this paper, is that the data set (building data layer from Topographic Objects Data Base) used has the capacity to provide information about the characteristics of the population distribution in a fi ne scale. Thus, the elaborated population surface could be used in risk exposure and risk evacuation or mitigation plans.
